Tian, Xiaolin; Jin, Ramon U.; Bredemeyer, Andrew J.; Oates, Edward J.; Blazewska, Katatzyna M.; McKenna, Charles E.; and Mills, Jason C., ,"RAB26 and RAB3D are direct transcriptional targets of MIST1 that regulate exocrine granule maturation.
Developmentally regulated transcription factors (TFs) play central roles in cell fate specification and differentiation of all cell types. During the complex process of specified cellular differentiation, certain TFs are turned on only at the final steps of the transcription regulation hierarchy. Presumably, those TFs directly activate major cell effector genes and in turn govern the establishment of a differentiated cell's designated morphology and function. There is emerging evidence that there might indeed be a limited number of TFs that are employed in diverse tissues to induce specific gene cassettes that regulate cell structure. For example, it was recently shown that differentiation in general, no matter the tissue, induced preferential expression of the same types of genes that govern secretion and communication with extracellular space (13) . Further, it has been shown that X-box binding protein 1 (XBP1), a transcription factor that is also developmentally regulated and required for wholesale changes in cell structure in certain cell lineages, directly activates multiple secretory pathway genes that help establish the abundant rough endoplasmic reticulum (rER) and mitochondria needed by specialized secretory cells, such as plasma cells, pancreatic acinar cells, and intestinal Paneth cells (30, 33, 56, 59) . Another example of a developmentally important TF that regulates cell structure is TFEB, a basic helix-loop-helix (bHLH) recently shown to upregulate a cohort of target genes that specifically regulate lysosome function and biogenesis (54) .
The corpus of the adult murine stomach is a useful system for studying the role of developmentally regulated TFs in coordinating cell structural changes because the gastric epithelium comprises multiple secretory cell lineages that are constantly renewed in a spatiotemporally organized fashion (6, 28, 39) . The zymogenic (also known as chief) cell (ZC) lineage occupies the base of the gastric unit, migrating from the stem cell zone and passing first through a distinct mucous neck cell progenitor phase before rapid terminal differentiation, including dramatic expansion of the rER and apical accumulation of large secretory vesicles filled with pepsinogen and other digestive enzymes (5, 29) .
The bHLH transcription factor MIST1 is critical for ZC architectural maturation (see Fig. 1 ) (50) . MIST1 is a developmentally regulated and highly cell lineage-specific TF, with an onset of expression only during terminal differentiation of-along with ZCs-a few secretory cells in mammals (26, 48, 49) . MIST1-expressing cells, ranging from immunoglobulinsecreting plasma cells (4) to alveolar breast lobular cells (68) , are scattered in diverse tissues and have little in common either in their developmental origins or in the specific substances they elaborate. However, they do share a specialized physiological function, high-capacity secretion of proteins, indicating that MIST1 may be the transcriptional architect initiating the subset of structural changes required for such functionality. Indeed, the loss of MIST1 leads to smaller cell cytoplasms, with smaller secretory granules, reduced secretory protein stores, and a decrease in secretory capacity (5, 34, 50) .
Modulating cell architecture is likely a critical feature of normal development because MIST1 is a highly conserved gene in organisms from Drosophila melanogaster to zebrafish to mammals, reflected not only by the high degree of homology among MIST1 orthologs but also the specific sequences of the genomic cis elements they bind, CATATG-type E-boxes (18-20, 45, 46) .
To coordinate specific changes in cell structure, MIST1 must directly activate transcription of a group of cellular effector genes that coordinate structural changes. This cassette of structure-modifying genes would likely be conserved across tissues and species. However, no MIST1 targets that might coordinate such structural changes have yet been identified. Ras-like small GTPases are important regulators of vesicular formation and transport in eukaryotic cells, making them potential structureregulating gene products (15, 17) . It has been shown that Rab3d expression is decreased in Mist1 Ϫ/Ϫ pancreatic acinar cells, but Rab3d has not yet been shown to be a direct target of MIST1, and Rab3d is expressed in non-MIST1-expressing cells as well. Furthermore, transgenic expression of Rab3d was insufficient to restore the defects caused by the loss of MIST1 function in pancreatic acinar cells (26) , indicating that other, as yet unidentified MIST1 targets must also play a role. A RAB paralogous to RAB3D, RAB26, has not been extensively studied, but its expression is restricted to a limited number of highly secretory cells, for which it has been proposed to be involved in regulated vesicular secretion (40, 64, 67) .
Here, we show that MIST1 is sufficient to upregulate 16 genes in 2 different gastric cell lines. We further show that it directly associates with CATATG E-boxes in 6 of those genes that have highly evolutionarily conserved CATATG E-boxes within the first intron. Two MIST1-induced genes, RAB3D and RAB26, stood out as representing a possible mechanism by which MIST1, acting at the level of transcription, could regulate formation of exocrine secretory granules in differentiating cells. We show that RAB3D and RAB26 are expressed in gastric ZCs in the corpus of the mouse stomach in a MIST1dependent manner. We next developed a system to test the functional importance of MIST1 induction of these RABs. We show that gastric epithelial cells stably expressing MIST1, but not control cell lines, produce large ZC-like secretory granules when they are transfected with red fluorescent protein (RFP)tagged pepsinogen C (PGC). Expression levels of RAB26 and RAB3D were also specifically induced in those cell lines. Finally, we show that formation of large granules in these cells is dependent on RAB activity because granule formation is abrogated by (i) inhibition of RAB26 and RAB3D function by disrupting RAB prenylation and (ii) transfection with a dominant negative RAB26 construct. We therefore propose that MIST1 regulates large-secretory-granule formation, a key aspect of differentiated secretory cell function, via activating transcription of RAB26 and RAB3D. Together, our data demonstrate how a developmentally regulated TF can induce secretory-cell architectural changes by transcriptionally regulating specific membrane trafficking genes.
MATERIALS AND METHODS

Mice.
All experiments involving animals were performed according to protocols approved by the Washington University School of Medicine Animal Studies Committee. Germ line Mist1 Ϫ/Ϫ mice were generated as described previously (49) and maintained in a specific-pathogen-free barrier facility. Control mice were the littermates of Mist1 Ϫ/Ϫ mice resulting from heterozygote-by-heterozygote crosses.
Immunofluorescence. Stomachs were prepared and stained as described previously (50) . Briefly, stomachs were inflated with freshly prepared methacarn fixative and suspended in fixative for 15 to 30 min at room temperature, followed by multiple rinses in 70% ethyl alcohol (EtOH), arrangement in 2% agar in a tissue cassette, and routine paraffin processing. Sections (5 m) were deparaffinized and rehydrated, and then antigen retrieval was performed by boiling in 50 mM Tris-HCl, pH 9.0. Slides were blocked in 1% bovine serum albumin (BSA) and 0.3% Triton X-100 in phosphate-buffered saline (PBS) and then incubated in primary antibodies followed by secondary antibodies (see below). Slides were incubated for 5 min in 1 g/ml bisbenzimide (Invitrogen, Carlsbad, CA) prior to mounting in 1:1 glycerol-PBS.
For immunofluorescence analysis of cultured cells, cells were grown in Lab-Tek Chamber Slide 4-well Permanox slides (Thermo Fisher Scientific, Rochester, NY) and fixed in 4% paraformaldehyde for 10 min at room temperature. For antibody staining, slides were permeabilized by 0.1% Triton X-100 in PBS and blocked in 2% BSA and 0.05% Triton X-100 in PBS. Fluorescence microscopy and imaging were performed using a Zeiss Axiovert 200 microscope with Axiocam MRM camera at room temperature. Optical sectioning was performed using the Apotome adaptor following calibration. In most cases, 1-m sections were taken from the cell-substrate interface to the full height of the cell. Contrast (maximal, minimal, and midtone) adjustment and fluorescent channel overlay and pseudocoloring were performed with Photoshop (Adobe Systems, San Jose, CA). All adjustments were performed on the entire image equally. Cartoon cell traces and illustrations were produced using Illustrator (Adobe Systems, San Jose, CA).
The following primary antibodies were used for immunostaining: goat antihuman gastric intrinsic factor (GIF) (1:2,000; gift of David Alpers, Washington University), sheep anti-PGC (1:10,000; Abcam), and rabbit antiactin (1:200; gift of Thaddeus Stappenbeck [clone AC-40; Sigma, St. Louis, MO]). Secondary antibodies used were Alexa Fluor 488-, 594-, and 647-conjugated donkey antigoat, anti-rabbit, anti-sheep, and anti-mouse antibodies (1:500; Invitrogen).
Immunofluorescence quantification. Immunofluorescence quantification to determine cytoplasmic fluorescence intensity was performed with ImageJ software. For tissue sections, the cytoplasm was divided into regions fully apical and fully basal to the nucleus. Mean fluorescence intensity (MFI) was determined in each region after subtraction of background; background was determined by averaging PGC fluorescence in 4 parietal cells-which do not express PGC-in the same unit. Results from 51 cells from 7 gastric units in two separate knockout mice and 50 cells from 6 units in two control mice were compiled.
For cell line vesicle quantification, lines stably expressing MIST1 were transfected with PGC-RFP and given the appropriate treatment. Large-vesicle cells (defined as cells containing 3 or more vesicles, each Ն1.5 m) and diffuse-vesicle cells (cells with no visible vesicles) and total PGC-RFP-transfected cells were scored. For enhanced green fluorescent protein (eGFP)-human T77N mutant RAB26 (hRAB26T77N) fluorescence intensity quantification, MIST1-stable cell lines were cotransfected with PGC-RFP and eGFP-hRAB26T77N. Sixteen-bit images captured in Zeiss Axiovision software were analyzed in ImageJ as follows. We determined mean green and red cytoplasmic fluorescence intensities for large-vesicle cells (as defined above) and diffuse-vesicle cells (defined by Ն135 intensity units above background and no vesicles Ն1 m) in each region after subtraction from the median background (green and red fluorescence in an area with no cells) and normalization to average nuclear green fluorescence (nuclei were green due to expression of MIST1-eGFP) for Ն10 cell nuclei/field. A total of 245 cells were scored across 3 transfections.
EM. For transmission electron microscopy (TEM) studies, stomachs were fixed, sectioned, stained, and imaged as described previously (50) . For TEM of cell lines, cells were plated on Lab-Tek Chamber Slide 4-well Permanox slides (Thermo Fisher Scientific). After being rinsed in PBS, they were fixed in modified Karnovsky's fixative (2.5% glutaraldehyde, 2% paraformaldehyde in 0.1 mmol/liter cacodylate buffer). TEM thin sections were cut directly from cell cultures embedded on the original Permanox substrate. To quantify vesicle size, fields of MIST1-stable and eGFP control cells were randomly selected, digital images were captured at ϫ4,000 magnification, and ImageJ was used to determine areas of all vesicle profiles in all cells in the field in each TIFF image. Twenty cells were analyzed from each cell line (ϳ500 total vesicles scored).
Cell lines and transient transfection. HGC-27 cells (HPACC, Porton Down, United Kingdom) were maintained at 37°C in 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 1% nonessential amino acids, 1% glutamine, and 100 ng/ml each of penicillin and streptomycin. AGS cells (from ATCC, Manassas, VA) were grown in RPMI 1640 supplemented with 10% fetal bovine serum, 0.9% glutamine, 0.4% HEPES, 1% Na pyruvate, 2.5% glucose, and 100 ng/ml each of penicillin and streptomycin. Cells were passaged every 3 days by using trypsin-EDTA. For transient transfection, 1 ϫ 10 6 AGS or HGC-27 cells were transfected via electroporation using Nucleofector I (Amaxa-Lonza, Basel, Switzerland), program B-023, and cell line transfection solution V. For each electroporation, 3 g PGC-RFP (see below), 5 g eGFP-hRAB26T77N (see below), or 3 g pmaxGFP (Amaxa-Lonza) plasmid was used. Cells were replated on Lab-Tek Chamber Slide 4-well Permanox slides and routinely analyzed 24 h posttransfection.
GeneChip analysis. Untransfected HGC-27 and AGS control plates were grown to 70 to 80% confluence on 10-cm dishes. For cells transfected with either MIST1-eGFP or control eGFP vector, 1 ϫ 10 6 AGS or HGC-27 cells were transfected with 1.5 g pmaxGFP plus either 3 g MIST1 cDNA or 3 g empty vector by using the transfection conditions described above. The GFPpositive population of each transfectant was isolated by flow cytometric cell sorting using a FACSVantage (Becton-Dickinson, San Jose, CA) at 24 h posttransfection and then replated for an additional 24 h before harvesting. Cells were harvested with trypsin-EDTA. RNA was extracted by using a Qiagen RNeasy kit, and RNA quality was verified by visualization on an agarose gel. Five micrograms of total RNA was used to prepare labeled target by using Affymetrix GeneChip one-cycle target labeling reagents. Ten micrograms of labeled target cRNA was hybridized to HGU133_Plus_2 GeneChips. For both AGS and HGC-27 cells, expression profiles of MIST1-plus-pmaxGFP-transfected cells were compared with profiles of empty-vector-plus-pmaxGFP-transfected cells. An initial inclusive candidate MIST1 target list was generated by determining by dChip analysis (69) the transcripts that had a 90% confidence lower-bound fold-change increase of Ն1.2 and an intensity greater than 100 in 4 independent comparisons, combined as either MIST1-expressing AGS cells versus vectortransfected cells and versus untransfected cells or MIST1-expressing HGC-27 cells versus vector-transfected cells and versus untransfected cells. This list of 211 genes was then filtered to generate AGS and HGC-27 MIST1-induced transcripts by filtering genes whose expression intensity was Ͻ100 in MIST1-transfected cells and whose mean fold change in MIST1-transfected cells relative to either control population was Ͻ1.5. Thirty-two AGS probe sets and 59 HGC-27 probe sets met those criteria, and 18 of those, representing 16 individual genes, were shared (see Fig. 2A ).
Bioinformatic analysis of MIST1 targets. The ECR browser (44) was used to analyze the human genomic sequence for each gene 5Ј to the transcription start. Sequence was analyzed up to 50 kb or until an exon from the neighboring gene was reached. The first intron up to 50 kb was also analyzed. When alternate splice forms existed, the farthest 5Ј exon documented was used and the intron following it was considered the first intron. CATATG sequences within analyzed sequences were identified using the dreg application in the EMBOSS suite. Conservation among species aligned in the ECR browser was then determined at each of these CATATG sites. Note that only human, chimp, cow, dog, rat, mouse, opossum, and chicken data were available in the ECR browser at the time of the analysis, but conservation undoubtedly extends across numerous species not diagrammed in Fig. 3 . All 16 putative MIST1 targets were analyzed in this way. Six genes showed the conserved intronic pattern depicted in Fig. 3A and B. Seven genes showed scattered CATATG sequences or none, and any observed conservation was restricted to primates. Two genes (MAP2K5 and FIGN) were slight variants. The MAP2K5 gene was highly conserved throughout and showed sporadic CATATG sequences that were conserved with no single predominant site and no particular pattern to the species conservation (not shown). The FIGN gene has a short intron 1 and has two highly conserved CATATG sequences in the second intron (not shown). In addition to the 16 putative targets, we also analyzed the first introns of the following RAB family members for conserved CATATG sequences: RAB3A, -B, and -C; RAB27A and -B; RAB37; and RAB9A and -B. Many of those had no CATATG sites; none had sites conserved outside primates.
Establishment of lines stably expressing MIST1-eGFP and eGFP. A total of 1 ϫ 10 6 HGC-27 cells were transfected with 3 g MIST1-eGFP cDNA or 3 g eGFP cDNA by using the transfection conditions described above. After 24 h, transfectants were replated at a limiting dilution under selection with 500 ng/l Geneticin (Gibco-Invitrogen). Wells that grew out over 14 to 21 days were analyzed by flow cytometry for the level and homogeneity of GFP signal.
ChIP. Chromatin immunoprecipitation (ChIP) was performed as described by Im and coworkers (22) . Approximately 10 8 HGC-27 cells that stably express MIST1-GFP fusion proteins were harvested for one ChIP experiment. Fifteen microliters of MIST1 antiserum (rabbit polyclonal anti-human MIST1) or serum from the rabbit prior to immunization (preimmune control) together with protein A/G plus agarose (Santa Cruz Biotechnology, Santa Cruz, CA) was added to the cell lysate for immunoprecipitation. Regular PCR and quantitative real-time PCR (qRT-PCR) were performed (the sequences used and all other primer sequences are available upon request) to assess the quantity of genomic sequences immunoprecipitated by either preimmune control or MIST1 antiserum, as well as a 1:10 dilution of the cell extract prior to immunoprecipitation.
RAB inhibitor studies. 3-Pyridinyl ethylidene hydroxyl phosphonocarboxylate (3-PEHPC), an analog of the bisphosphonate drug risedronate, was generated as previously described (10). 3-PEHPC was stored in a stock solution of 106 mM at 4°C in aqueous solution at pH 6.3. For cell culture experiments, 3-PEHPC was added directly to the appropriate dilution in tissue culture media. Multiple concentrations were tested up to 5 mM, and effectiveness was determined by dispersion of transfected eGFP-RAB26 plasmid. Based on these experiments, a final concentration of 5 mM was used in all experiments described in the manuscript.
In situ hybridization. Rab26 cDNA was obtained from OpenBiosystems (catalog no. MMM1013-98478848). Rab3d cDNA was obtained via amplification from a mouse stomach cDNA library and cloned into T-Easy vector (Promega, Madison, WI). Digoxigenin (DIG)-labeled RNA probes were synthesized via in vitro transcription following plasmid linearization (DIG RNA labeling mix, product no. 11277073910; Roche Applied Sciences, Indianapolis, IN). The antisense RNA probe was synthesized with T7 RNA polymerase, and the sense RNA probe was synthesized using Sp6 RNA polymerase. Adult B6 strain mice were perfused with 0.9% NaCl and 4% paraformaldehyde (PFA) sequentially, and the stomachs were removed and further fixed in 4% PFA at 4°C for 8 h or more. Tissue was blocked, frozen, and sectioned as previously described (50) . Sections (20 m) were dipped in water several times to remove OCT compound (Sakura Finetek, Torrance, CA), fixed in 4% PFA, treated with proteinase K, refixed in 4% PFA, and then treated with 0.1 M triethanolamine before incubation in hybridization buffer (50% formamide, 5ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 1ϫ Denhardt's solution, 250 g/ml carrier yeast tRNA, 500 g/ml salmon sperm DNA, 100 g/ml heparin, 5 mM EDTA, 0.1% Tween 20) for 1 to 2 h at 65°C. The tissue sections were incubated with DIG-labeled RNA probes in hybridization buffer overnight at 65°C. After RNA hybridization, slides were washed in 2ϫ SSC at 65°C for 15 min and then at room temperature for 5 min, followed by RNase (1 g/ml in 2ϫ SSC) incubation at 37°C for 30 min and washes with 2ϫ SSC (room temperature) for 5 min twice and 0.2ϫ SSC (60°C) for 30 min twice. DIG-RNA hybridized to tissue sections was visualized by incubating the slides first in blocking solution (1% BSA in PBS) for 1 h and with antidigoxigenin antibody (1:2,000; Roche) at 4°C overnight, followed by washing in PBT (PBS-0.1% Tween 20), equilibrating in alkaline phosphatase (AP) staining buffer (100 mM Tris, pH 9.5, 50 mM MgCl 2 , 100 mM NaCl, 0.1% Tween 20), and color development with nitroblue tetrazolium (NBT)-BCIP (5-bromo-4-chloro-3-indolylphosphate) (Roche) until a strong signal was detected in the sections hybridized to antisense probes; specificity was confirmed by lack of signal in sense-hybridized sections developed in the same experiments for the same length of time. Reactions were stopped by PBT, and sections were mounted in 1:1 glycerol-PBS.
Graphing and statistics. All graphs and statistics were determined with GraphPad Prism, except the Venn diagram, which was generated using BioVenn (21) , and then traced using Adobe Illustrator. Statistical analysis was, in the case of simple control-versus-experimental condition comparison, by Student's t test. Otherwise, significances were determined by a one-way analysis of variance (ANOVA) test with Dunnett's multiple-comparison correction.
LCM and qRT-PCR. Preparation of stomach frozen sections for laser-capture microdissection (LCM) has been described previously (50) . Briefly, stomachs were excised immediately following sacrifice, quickly flushed with room-temperature PBS, inflated by duodenal injection of OCT compound (Sakura Finetek, Torrance, CA), frozen in Cytocool II (Richard-Allen Scientific, Kalamazoo, MI), and cut into serial 7-m-thick cryosections, which were mounted on Superfrost slides (Fisher Scientific), fixed in 70% EtOH, rehydrated in nuclease-free water (nuclease-free solutions from Ambion, Austin, TX), and then incubated in Alexa Fluor 488-conjugated Griffonia simplicifolia GS-II (diluted 1:500 in nuclease-free water) for 15 min. Sections were washed in nuclease-free water and dehydrated in graded ethanol followed by xylene. ZCs were identified as corpus cells that were basal to GS-II labeling and which did not show the dark silhouettes and characteristic shape of parietal cells following xylene dehydration. Four wild-type mice and 5 Mist1 Ϫ/Ϫ mice were used for dissection (PixCell II LCM apparatus [7.5-m spot diameter] and CapSure HS LCM caps; Arcturus, Mountain View, CA) to generate two caps per mouse. RNA was purified by PicoPure kit (Arcturus), and RNA integrity was confirmed by an Agilent 2100 Bioanalyzer (Palo Alto, CA). qRT-PCR was performed only on RNA that had sharp 18S and 28S bands. All RNA from each cap was treated with DNase I (Invitrogen) and then reverse transcribed using the SuperScript III (Invitrogen) standard protocol (most cDNA syntheses started with 10 ng of total RNA). Measurements of cDNA levels were performed by qRT-PCR using a Stratagene (La Jolla, CA) MX3000P detection system, and Absolute QPCR SYBR green mix (Thermo on January 11, 2014 by guest http://mcb.asm.org/
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Scientific) fluorescence was used to quantify relative amplicon amounts of mouse RAB3D, RAB26, CCPG1, and 18S rRNA. Data analysis to allow expression of qRT-PCR data in terms of cycles above the background, normalized to 18S rRNA amplicon intensity, was performed as described in detail previously (5) . qRT-PCR with stable MIST1-expressing and eGFP control HGC-27 cells was performed after RNA isolation by using TRIzol-solubilized tissue extract (Invitrogen) following the manufacturer's protocol, quantification using the Beckman Coulter DU 640 spectrophotometer (Fullerton, CA), and cDNA synthesis as described previously (5) (1 g of starting total RNA was used). Measurements of RAB3D, RAB26, and 18S rRNA cDNA levels were performed and analyzed as described above.
Plasmid preparation. The phMist1-EGFP-C1 expression plasmid was constructed with the coding region of human MIST1 cDNA (IMAGE identification number 8322448; Open Biosystems, Huntsville, AL) followed by a 30-aa peptide linker added in frame to the amino terminus of eGFP in pEGFP-C1 (Clontech Laboratories, Inc., Mountain View, CA) by the restriction site-free PCR method of ribocloning (1; http://barnes1.wustl.edu/ϳwayne/riboclon.htm) using Klentaq-LA enzyme (2) and accurate PCR conditions. The riboprimers used did not match the vector or target products, so they were first elongated on longer Band-Aid primer templates. The vector region was amplified by PCR using primers DNA3as and pEGFP-DNA3sb with V5s and EGFP-V5asb on pEGFP-C1 DNA. The hMIST1 target was PCR amplified using DNA3s and hMIST-DNA3b with V5as after sequential elongations on bandaids hMIST-V5b3, hMIST-V5b2, and hMIST-V5b1. The construct coding region pMT6-5 (5,416 bp) was verified correct by DNA sequencing.
The pcDNA3.1 PGCRFP fusion construct was generated using a modified sequence overlap extension PCR strategy. The PGC fragment was amplified by PCR from a pcDNA3.1PGC plasmid (a kind gift of Susan Guttentag, University of Pennsylvania [16] ) with the T7 primer (forward) and a reverse primer that contained both the PGC 3Ј end and the RFP 5Ј-end coding sequence, separated by a small linker sequence. The RFP sequence was amplified by PCR from a pCS2 Notch-RFP plasmid (kind gift of Rafi Kopan, Washington University), a forward primer (complementary to the reverse primer used to amplify the PGC fragment), and a reverse primer. The PGC and RFP fragments were then purified and mixed together with T7 and RFP reverse primer to amplify the PGC-RFP fusion fragment. This PCR fragment was then digested with EcoRI and XhoI and cloned into pcDNA3.1 vector, which was linearized with the same pair of restriction enzymes.
pEGFP-hMist1-C1 (designed by a method similar to that used for phMist1-EGFP-C1) was monomerized to pmEGFP-hMist1-C1 by site-directed mutagenesis using reverse and forward primers (58) to convert leucine 222 to lysine and introduce a new restriction site, that for AflII. The monomeric eGFP (meGFP)-hRAB26 expression plasmid was constructed with the coding region of hRAB26 cDNA (IMAGE identification number 5262795; Open Biosystems) added in frame to the carboxyl terminus of eGFP, replacing the hMIST1 coding region in pEGFP-hMist1-C1 by ribocloning (1, 2) . PCR was performed on the vector region by using primers DNA3as and pcD3LKs on pmEGFP-hMist1-C1 DNA. The hRAB26 target was PCR amplified using DNA3s and hRAB26-DNA3b with pcD3LKas and hRAB26-pcD3LKs. The construct coding region (5,583 bp) was verified to be correct by DNA sequencing.
meGFP-hRAB26 was mutagenized to meGFP-hRAB26T77N by site-directed mutagenesis to convert the threonine at amino acid position 77 to an asparagine, and a new BbsI restriction site was introduced. The construct coding region was verified to be correct by DNA sequencing.
Microarray data accession number. GeneChip data sets have been deposited in GEO (accession number GSE16924).
RESULTS
Identifying MIST1 direct targets that might regulate secretory-cell granule formation and establishment of apical-basal polarity. During maturation, ZCs undergo three dramatic changes in cell biology: they (i) greatly upregulate their rER network, (ii) form large exocrine secretory granules, and (iii) expand their apical cytoplasm, with their nuclei moving basally. Mist1 expression begins as ZCs start to differentiate from their mucous neck cell precursors (50) ; it is involved in both formation/maintenance of the secretory granules and the apicalbasal reorganization. In the absence of Mist1, ZCs exhibit markedly smaller zymogen-containing, secretory vesicles than the wild type ( Fig. 1A, C , and E). Vesicle sizes, as measured by TEM of multiple ZCs in multiple gastric units, differed, with means of 0.40 Ϯ 0.03 m 2 (wild type) and 0.14 Ϯ 0.02 m 2 (Mist1 Ϫ/Ϫ mice) (P Ͻ 0.001; Fig. 1B and C) . The defects in apical-basal organization are illustrated in Fig. 1B and D. The ratio of supranuclear to infranuclear secretory vesicle fluorescence decreased from an apical predominance of (4.2 Ϯ 0.7):1 to an essentially equal distribution of apical and basal granules (ratio of [1.49 Ϯ 0.06]:1) in Mist1 Ϫ/Ϫ ZCs (Fig. 1D) . The changes reflect inappropriate basolateral trafficking of granules and/or overly apical positioning of the nucleus. MIST1 loss-of-function defects are summarized in the diagram in Fig.  1E . The loss of MIST1 does not result in diminished rER (50) .
To determine the genes that might be activated by MIST1 to regulate cellular structural changes, we transiently transfected either MIST1 or empty vector control plasmid into two human gastric cell lines (AGS and HGC-27). eGFP plasmid was cotransfected under both conditions, and cells expressing high levels of GFP (i.e., highly transfected cells) were isolated by fluorescence-activated cell sorting (FACS). Global gene expression changes specific to MIST1 transfection were assayed by use of Affymetrix HGU133_Plus_2 GeneChips. A total of 16 genes exhibited increased expression (90% confidence interval, Ն1.2fold change; intensity difference, Ն100) in both MIST1-transfected cell lines relative to respective parental and empty-vectortransfected control populations ( Fig. 2 and Table 1 ).
MIST1 directly associates with conserved CATATG E-boxes in 6 MIST1-induced genes. To determine which MIST1-induced genes were likely direct targets of MIST1, we first examined the entire genomic region upstream of the transcription start sites and the entire first intron of each gene for conserved E-box sequences of the CATATG type, shown previously to be the binding site for both mammalian MIST1 (62) and DIMMED, its fly ortholog (19, 45, 46) . ARRDC3, CCPG1, FNDC3A, and SERPINI1 all contain remarkably conserved CATATG sequences within the first intron (Fig. 3A) . The RAB3D gene has the canonical MIST1 binding site in a region between 167 and 205 bp downstream of the end of the first exon in multiple species (Fig. 3B ). RAB26 has a similarly located CATATG that is conserved in multiple mammalian genomes except human; however, the only CATATG in the 5Ј upstream and intronic human genomic DNA we examined is in a region 11.3 kb upstream of the RAB26 transcription start and basal (base to nucleus) secretory granule immunofluorescence in immunolabeling experiments like those described for panel B. Each point is the ratio of apical to basal mean fluorescence intensity determined by anti-PGC (PGC being a principal component of zymogenic granules) in an individual ZC. Note that wild-type ZCs have predominately apical distribution of granules, whereas apical and basal granule distributions are nearly equal in Mist1 Ϫ/Ϫ ZCs. (E) Cartoon showing ZCs arising from mucous neck cell progenitors in the neck of the gastric unit. In the absence of MIST1, ZCs migrating into the base exhibit apical-basal organization and granule formation/maintenance deficits (see also reference 50).
VOL. 30, 2010 MIST1, RABs, AND EXOCRINE SECRETORY GRANULES 1273 on January 11, 2014 by guest http://mcb.asm.org/ (chromosome 16 [Chr16], coordinate 2127505), a location also conserved in chimpanzees (Fig. 3C ). The remainder of the 16 MIST1-activated genes showed no conserved CATATG sites in the first intron.
To confirm direct MIST1 binding to the conserved CA TATG sites, we performed ChIP on HGC-27 gastric cells stably expressing a MIST1-eGFP plasmid (henceforth called HGC-MIST1). Primers closely flanking the conserved CA TATG sites shown in Fig. 3A to C generated amplicons in the MIST1-immunoprecipitated genomic DNA fragments with greater efficiency than in preimmune control-precipitated DNA in all 6 genes ( Fig. 4) . In contrast, primers for control regions without CATATG sequences generated little to no amplicon in the MIST1-immunoprecipitated DNA. We also examined nonconserved CATATG sites in CCPG1, SERPINI1, and FNDC3A (Fig. 4 ). Only the site in CCPG1 showed possible occupation by MIST1, though this site was within 5 kb of the conserved CATATG, and genomic DNA was fragmented to an average size of 1 kb in these experiments. Hence, we cannot rule out the possibility that a small population of longer genomic DNA fragments derived from precipitation of MIST1 at the conserved site might account for amplification at this region. Overall, the results indicate that MIST1 occupies specific transcription regulatory elements in ARRDC3, CCPG1, FNDC3A, SERPINI1, RAB26, and RAB3D genes.
RAB3D and RAB26 are ZC specific and MIST1 dependent in vivo. Of the 6 MIST1-regulated genes, two, RAB3D and RAB26, have been previously proposed to play a role in regu-lated secretion (15) . Thus, we reasoned that these two RABs might be the cellular effectors that MIST1 induces to govern maintenance and formation of large secretory granules in exocrine secretory cells. We examined other related RAB genes purported to be involved in regulated exocytosis (RAB3A, RAB3B, RAB3C, RAB27A, RAB27B, and RAB37) and did not find similarly conserved intronic CATATG sequences (not shown), nor was expression of these other RAB family members affected by forced MIST1 expression ( Fig. 2B ). Thus, RAB3D and RAB26 appear to be specific and direct targets of MIST1 transcriptional regulation.
If RAB3D and RAB26 regulate secretory granule formation, they should be expressed in ZCs and be MIST1 dependent in vivo. In situ hybridization showed that RAB26 and RAB3D expression in mouse stomachs was confined to MIST1-expressing ZCs in wild-type mice ( Fig. 5A and B) . To determine whether either RAB depended on MIST1 expression, we used LCM on ZCs from the bases of Mist1 Ϫ/Ϫ mice and their wild-type littermates. In Mist1 Ϫ/Ϫ mice, RAB26 message was barely detectable above the background signal (1.9 cycles above water; 3 independent mice and dissections), whereas it was expressed at 11-fold-higher levels in wild-type mice (P Ͻ 0.01; Fig. 5C ). Mist1 Ϫ/Ϫ mice also showed a significant decrease (8-fold; P Ͻ 0.001) in RAB3D expression ( Fig.  5C ). Hence, Rab26 and Rab3d are transcriptionally regulated by MIST1 in vivo as well.
Expression of pepsinogen-RFP in MIST1-expressing stable lines causes formation of large exocrine secretory granules.
Our results so far showed that (i) loss of MIST1 leads to small on January 11, 2014 by guest http://mcb.asm.org/ Downloaded from secretory granules and defects in the apical compartment where those granules mature; (ii) expression of two putative regulators of exocrine granule homeostasis, RAB3D and RAB26, is directly regulated in vitro by MIST1; and (iii) RAB3D and RAB26 expression is MIST1 regulated in vivo specifically in Mist1-expressing cells. Thus, the data indicated that MIST1 regulates vesicle maturation via direct transcriptional activation of RAB3D and RAB26. To functionally test that hypothesis, we needed an in vitro system where the role of RABs in large-secretory-vesicle dynamics could be assessed mechanistically. We designed a construct comprising one of the principal constituents of ZC secretory granules, PGC, fused at the carboxyl terminus to RFP. Figure 6 shows that stable HGC-MIST1 cells transiently transfected with this construct developed multiple large PGC-containing granules. The results of multiple (n ϭ 8) separate transfections showed, highly reproducibly, that 23.0% Ϯ 1.2% of the cells with RFP fluorescence detectable above the background had Ն3 vesicles of Ն1 m in size. In control HGC-27 cultures stably expressing eGFP alone (without MIST1), cells with these large secretory granules were comparatively rare (7.5% Ϯ 1.5%; P Ͻ 0.001 by one-tailed t test comparing MIST1-expressing cells and the controls), whereas cells with bright diffuse PGC-RFP were far more common (4.3% Ϯ 0.2% for MIST1-expressing cells versus 11.2% Ϯ 0.6% for the controls; P Ͻ 0.001) ( Fig. 6A and B) . When examined on their tissue culture substrate by using (8) Other products of genes that may potentially regulate vesicular transportation and cellular architecture CCPG1 (cell cycle progression gene 1)
Novel scaffolding protein that regulates guanine nucleotide factor Dbs and promotes CDC42 activation by Dbs Fig. 2 (see Materials and Methods). Evolutionary conservation relative to the other vertebrate species listed in legend (species identified by 2-letter abbreviations of species names) was then determined. Genes (gray bars) are schematized to scale with numbered exons in blue and regions of genes analyzed in black. Note the dramatic conservation of CATATG sequences located within 1 kb of the end of the first exon in these 4 genes (red brackets). Primers for each of these conserved intronic sequences were analyzed for MIST1 binding (Fig. 4) ; control primers were generated to assess MIST1 binding to regions with no CATATG (amplicons indicated by arrows with boxed C's). In some cases, MIST1 binding to regions with nonconserved CATATG sequences (denoted by arrows with boxed M's) was also assessed. (B and C) Schematic as shown in panel A for the two RAB genes induced by MIST1 transfection but with detailed sequence alignment at each CATATG. * , consensus sequence runs on an antiparallel strand for the given species. Note that the conserved intronic CATATG in RAB26 in humans and chimpanzees has a single point mutation, destroying the E-box. The genomes of those species have another MIST1 binding site ϳ11.5 kb upstream of the transcription start; bovine genomes have both intronic and 5Ј sites. Gg on January 11, 2014 by guest http://mcb.asm.org/ transmission EM, both MIST1-expressing and control cells with PGC-RFP contained multiple secretory vesicles (Fig. 6C) , whereas nontransfected cells did not (not shown). However, HGC-MIST1 cells formed vesicles that tended to cluster together and were each over twice as large as the vesicles found in control cells (0.70 Ϯ 0.12 m 2 versus 0.34 Ϯ 0.11 m 2 ; P Ͻ 1 ϫ 10 6 ) ( Fig. 6C to E) . Figure 6D demonstrates how vesicles could be seen undergoing exocytosis. We observed no consistent difference in cell proliferation, apoptosis, or cell morphology between MIST1-expressing cell lines and controls (not shown). Finally, we treated cultures of MIST1-expressing, PGC-RFP-transfected cells with the secretagogue carbachol (100 m), which greatly increased formation and trafficking of large PGC-RFP granules (not shown), indicating that these cell lines can respond to a physiologic, muscarinic agonist that induces release of zymogen-containing granules in ZCs in vivo. Large exocrine granule formation requires RAB prenylation and RAB26 activity. Using qRT-PCR, we confirmed that cells stably expressing MIST1, as expected, constitutively expressed higher levels of RAB transcripts. RAB26 and RAB3D were constitutively expressed in HGC-MIST1 cells at (4.1 Ϯ 0.9)and (15.0 Ϯ 8.2)-fold-higher levels, respectively (6 independent experiments; respective P values of Ͻ0.001 and Ͻ0.005), than in those stably expressing a control eGFP vector alone (Fig. 7A) .
We next sought to ascertain whether formation of large PGC-RFP granules required RAB expression induced by MIST1. We transfected HGC-MIST1 cells with PGC-RFP in the presence of 5 mM 3-PEHPC (3, 10) , an inhibitor of RAB geranylgeranyl transferase (RGGT), the enzyme that catalyzes the addition of geranylgeranyl groups to the carboxy-terminal dicysteine (CC or CXC) motifs in RAB3D and RAB26 (55) . We used the minimal concentration of 3-PEHPC that completely dispersed the normal cellular localization of an eGFP-RAB26 construct. Once RABs lose the ability to localize to their defined cellular compartments, they no longer function. As hypothesized, inhibition of RAB function led to the loss of the large PGC-RFP granules ( Fig. 7B and C) . Cells with large granules decreased ϳ4-fold in the presence of inhibitor (P Ͻ 0.001), equivalent to levels in the non-MIST1-expressing control cells (Fig. 7E) .
The cellular localization and expression of RAB3D in exocrine secretion have been relatively well studied (38, 65) . RAB3D is important for secretory-granule homeostasis in diverse secretory cells. Although there is some controversy about its primary function (51, 63) , it is generally thought that RAB3D regulates the release of mature secretory granules, likely by tethering them to elements of the cortical actomyosin mesh (7, 37) . Given that RAB3D already had an established role in exocrine granule homeostasis, we decided to further examine the role of RAB26 in this process.
To determine if more targeted disruption of RAB26 function could inhibit large-zymogenic-vesicle formation, we designed a point mutant RAB26 (eGFP-RAB26T77N) based on close conservation of the RAB26 GTP binding region with the analogous RAB3D sequence (RAB3DT36N), which acts as a dominant negative when the equivalent threonine is mutated to asparagine in the G2 box region responsible for coordinating Mg 2ϩ binding (7) ; the structure of RAB26 is presented in the PDBsum database (accession no. 2g6b). As expected, eGFP-RAB26T77N did not localize to a specific membrane compartment like wild-type RAB26, which is perinuclear (Jin et al., unpublished observations). Rather, eGFP-RAB26T77N distributed throughout the cytoplasm in a pattern similar to that of wild-type RAB26 in the presence of 3-PEHPC (not shown).
Transfection of the dominant negative construct inhibited large-granule formation in HGC-MIST1 cells cotransfected with PGC-RFP (Fig. 7D) . Overall, the percentage of cells expressing large granules (3 independent experiments) decreased 28% Ϯ 5% (P Ͻ 0.01) (Fig. 7E ). When the effects of transfection of the dominant negative construct on the large-PGC-RFP-granule phenotype were correlated on a cell-by-cell basis, almost none of the cells with large zymogenic granules were seen to express cytoplasmic eGFP-RAB26T77N ( Fig. 7F and H) . Conversely, among those cells transfected with eGFP-RAB26T77N above the background, almost none showed the large-vesicle phenotype (Fig.  7F) , confirming that expression of eGFP-RAB26T77N prevented formation of the large PGC-RFP vesicles. In a control experi- Fig. 3 . Input 1:10, genomic DNA prior to immunoprecipitation diluted 1:10; preimmune, immunoprecipitation from nonspecific rabbit antiserum. All images taken from PCRs run for 35 cycles, though each reaction volume was sampled at multiple cycles to ensure amplification had not plateaued. Note that conserved CATATG sequences show much stronger amplification of MIST1-bound DNA than preimmune control-bound DNA, and no MIST1-bound DNA was detectable at control sites without CA TATG sequences. Nonconserved CATATG sites showed little to no amplifiable MIST1-bound DNA.
VOL. 30, 2010 MIST1, RABs, AND EXOCRINE SECRETORY GRANULES 1277 on January 11, 2014 by guest http://mcb.asm.org/ ment, we transfected a plasmid with eGFP alone in lieu of eGFP-RAB26T77N ( Fig. 7G and H) . Expression of eGFP alone had no effect on formation of large PGC-RFP granules, indicating that the effects of eGFP-RAB26T77N were specific to its function as a dominant negative RAB. Together, the data demonstrate that RAB26 function is required for the formation of the large PGC granules.
A previous study showed that RAB3D was not sufficient to rescue granulogenesis in Mist1 Ϫ/Ϫ cells (26) . We tested whether RAB26 was sufficient to induce large granules in control HGC-27 cells stably transfected with eGFP and not MIST1. Transfection of eGFP-RAB26 in these cells in three independent experiments led to a higher fraction of cells with large PGC granules (from 7.5% Ϯ 2.3% to 10.9% Ϯ 0.4%) (data not shown), which approached a statistically significant increase (P Ͻ 0.06 by one-tailed t test) but did not approach the level seen in HGC-MIST1 cells. Thus, although required for maturation of granules, RAB26, like RAB3D, does not seem to be sufficient to rescue the loss of MIST1 function phenotype in the absence of other MIST1 targets.
DISCUSSION
Here, we demonstrated the role of MIST1 in establishing the characteristic secretory phenotype of zymogen exocrine cells through direct transcriptional activation of RAB3D and RAB26. These two RABs were the only ones increased following MIST1 transfection and the only RABs of those thought to be associated with secretory granule homeostasis that had conserved intronic MIST1-binding E-box elements. Furthermore, ChIP confirmed that MIST1 directly associated with RAB3D and RAB26 E-boxes. We next showed that RAB3D and RAB26 expression was specific to MIST1-expressing cells in vivo and was also MIST1 dependent. Finally, we established an in vitro system to test the functional importance of RAB3D and RAB26. Cells stably expressing MIST1, as expected, had constitutively increased levels of both RAB3D and RAB26. When transfected with an RFP-tagged zymogenic granule component, PGC, these cells, but not controls, formed large zymogenic-secretory granules. Large-granule formation required increased RAB activity, because inhibition of RAB prenylation resulted in cells with smaller granules, indistinguishable from those of non-MIST1-expressing control cells. Previous studies have shown that RAB3D participates in exocrine granule homeostasis but is not itself sufficient to induce large-granule formation in MIST1-expressing cells (26, 38, 42, 51, 65) . Here we show that forced expression of a RAB26 dominant negative construct completely ab- on January 11, 2014 by guest http://mcb.asm.org/ rogates large-vesicle formation, yet transfection of RAB26 alone does not substantially rescue the MIST1 loss-of-function granule phenotype. Thus, like RAB3D, RAB26 is required but not sufficient for exocrine granulogenesis. MIST1 is expressed by a limited number of specialized secretory cells in diverse tissues. Loss of Mist1, in all reported cases, did not lead to a decrease in steady-state survival or formation of these cell lineages, nor did it lead to a change in their cell fate. The fundamental feature of the loss of Mist1 function is that the cells that would express Mist1 are still generated, occupy their same in vivo niches, and secrete the same substances (32, 50, 72) . However, the loss of MIST1 has profound effects on cell shape/architecture and cell function. With the loss of MIST1, zymogen-secreting cells in the stomach, pancreas, and salivary gland do not achieve their full size, and their zymogenic granules become smaller as well. Pancreatic acinar cells grown in vitro show smaller zymogen stores, altered Ca 2ϩ currents, and a loss of normal apical, perinuclear Golgi localization (34) .
MIST1 protein is highly conserved across species. The Drosophila ortholog of Mist1, DIMMED, shares 78% identity with Mist1 through the bHLH region and binds the same CATATG E-box sequence in its known target gene (46, 62) . Conservation between the two genes in these distantly related organisms is such that expression of MIST1 can induce a DIMMED target gene in vitro (45) . The zebrafish Mist1 ortholog shares 77% identity in the bHLH domain with the mouse MIST1 gene (18) . The loss of zebrafish Mist1 leads to morphological abnormalities in pancreatic enzyme-secreting cells (18) . Gain-of-function experiments show that DIMMED is sufficient to orchestrate increased secretory vesicle size (19, 20, 45) , analogous to the MIST1 gain of function in the current manuscript. Thus, MIST1 is a developmentally regulated TF whose expression is induced during terminal differentiation of selected secretory cells in diverse tissues with a highly evolutionarily conserved function.
Which genes might a single TF activate to effect complete remodeling of cellular architecture? Two previously reported targets of MIST1 in vitro in pancreatic cells are the gap junction gene Connexin32 (encoding GJB1) (52) and the cell cycleregulating p21(CIP1/WAF1) gene (Cdkn1a) (24) . We did not detect GJB1 expression in the gastric cell lines used in the manuscript by use of GeneChips or qRT-PCR (X. Tian and J. Mills, unpublished observations), so we do not think that this is a MIST1 target in our system. CDKN1 is expressed in ZCs in vivo and in gastric cell lines, but expression is not MIST1 dependent in cell lines. Furthermore, in vivo, expression of CDKN1 in ZCs is lower than expression in other MIST1negative gastric epithelial cells (Tian and Mills, unpublished observations), so this also seems an unlikely target to mediate the morphological changes induced by MIST1.
It is possible that MIST1 activates both tissue-specific and universal sets of genes. In this work, we identified 16 genes whose expression is activated by MIST1 in two different gastric cell lines. The majority of these genes are thought to function in secretion or membrane trafficking, reinforcing our understanding of MIST1 as a TF that enables terminally differentiating cells to upregulate cellular effectors that establish a highcapacity secretory architecture. In addition to the RAB3D and RAB26 genes, the subjects of the current manuscript, four other genes, including the CCPG1 gene, were also direct targets of MIST1, as indicated by our chromatin immunoprecipitation studies (Fig. 4) . CCPG1 did not appear to be regulated by MIST1 in gastric ZCs (Fig. 5C and data not shown) ; however, the CCPG1 gene is a large gene with multiple splice variants, and we have assayed only one variant so far. We are currently analyzing the 10 genes without conserved CATATG sequences to determine whether any of them binds MIST1 in a noncanonical fashion.
Are the increases in granule size and trafficking sufficient in themselves to effect the apical-basal cell shape reorganization also induced by MIST1, or are other MIST1 targets involved? We already know from previous studies that the cytoskeletal adaptor CD2AP is critical in the absence of MIST1 for maintaining cell shape, specifically cell height and ordered cell-cell adhesion (Fig. 8) , though CD2AP does not appear to be a target of MIST1 (5) . The experiments do suggest, in any case, a role for other genes besides just RAB26 and RAB3D in the cell shape changes MIST1 induces.
RAB26 clusters by sequence homology with the RAB37, RAB27, and RAB3 subfamilies, which are critical for regulated secretion. However, whereas RAB27 and RAB3 family members (such as RAB3D) are relatively ubiquitously expressed in specialized secretory cells in numerous tissues, expression of RAB26 appears to be more limited, with the highest previously reported expression in pancreatic and submandibular enzymesecreting acinar cells, both of which express MIST1 (40, 64, 67) . A functional genomic screen also identified the RAB26 gene as a normal gastric gene whose expression is downregulated in human cancer (66) . The only previous functional study of RAB26 showed that in salivary gland zymogen-secreting cells, RAB26 was associated with secretory granules (by cell fractionation and Western blotting) and injection of anti-RAB26 antibodies inhibited exocytosis, consistent with our findings (40) .
It is currently unclear what mechanisms RAB3D and RAB26 use to induce formation of larger secretory granules. Our current results and those of previous studies indicate that both RAB26 and RAB3D are required but not individually sufficient for the formation of large secretory granules. The simplest model would be that MIST1-mediated vesicle maturation and trafficking are dependent on a balance between RAB26 and RAB3D activities ( Fig. 8 ), though we cannot currently rule out a role for other direct targets. In a series of ongoing experiments (R. Jin and J. Mills, unpublished observations), we have learned that RAB26 helps organize the apical cellular compartment where immature secretory granules form and mature. RAB3D has been implicated downstream in tethering vesicles to the apical cytoskeleton. Tethering vesicles would encourage vesicle enlargement, because it would delay vesicle secretion and facilitate fusion of smaller, immature vesicles. Thus, RAB3D and RAB26 might coordinate sequential membrane compartments, RAB26 encouraging homotypic fusion of immature granules and/or larger budding from the trans-Golgi and RAB3D tethering maturing granules to the cortical cytoskeleton to await a signal for granule fusion with the plasma membrane. Together, these two RABs may represent the key cellular effectors that carry out the developmental signal encoded by the MIST1 gene.
Prospectus. The process of cellular differentiation is typically understood as a sequence of transcription factor inductions, each of which specifies the next step in the developmental program of a given cell lineage. Any given terminally differentiated cell is thus ultimately specified by its unique history of sequential transcription factor induction steps. That view explains well how each differentiated cell in an organism ultimately comes to produce the unique set of proteins that distinguish it from all other cells, but what induces the genes that high-capacity secretory cells all share, no matter what they actually secrete, the genes that lay down the secretory architecture? Given the parsimony of evolution, it would make sense if these secretory cassettes were induced by a limited number of tissue-independent but still developmentally regulated transcription factors. Indeed, our recent survey of gene expression across multiple adult tissues indicates that this is so (13) . In the present paper, we show how MIST1, a transcription factor critical for enacting cellular architecture, activates RAB26 and RAB3D, which in turn organize vesicle trafficking to maximize apical production and maintenance of large secretory granules. The mechanism we describe here will un-doubtedly be only part of a much larger story as we continue to dissect the mechanisms of transcriptional regulation of cell architecture change.
FIG. 8. Schematic illustrating how MIST1 expression is induced as mucous neck cells differentiate into zymogenic cells. MIST1 is modeled as acting primarily through RAB3D and RAB26 to regulate large zymogenic granules, though a role for other MIST1 targets in this process has not necessarily been ruled out. Other targets of MIST1 are probably involved in the apical-basal cell shape reorganization induced by MIST1. Based on an earlier study, the cytoskeletal adaptor CD2AP plays a role in this process but is not a target of MIST1 (5) . Expansion of rER is not affected by loss of MIST1 expression. 
